The small molecule binds to the same site that binds the IL-2 ␣ receptor and buries into a groove not seen in the free structure of IL-2. Comparison of the bound and several free structures shows this site to be composed of two subsites: one is rigid, and the other is highly adaptive. Thermodynamic data suggest the energy barriers between these conformations are low. The subsites were dissected by using a site-directed screening method called tethering, in which small fragments were captured by disulfide interchange with cysteines introduced into IL-2 around these subsites. X-ray structures with the tethered fragments show that the subsite-binding interactions are similar to those observed with the original small molecule. Moreover, the adaptive subsite tethered many more compounds than did the rigid one. Thus, the adaptive nature of a protein-protein interface provides sites for small molecules to bind and underscores the challenge of applying structure-based design strategies that cannot accurately predict a dynamic protein surface.
I
dentifying small molecules that modulate protein-protein interactions continues to be a major challenge for drug discovery (for recent reviews, see refs. 1 and 2). Although traditional targets such as G-coupled receptors and enzymes have defined clefts that bind small molecules, protein-protein interfaces are large (typically 1,300-3,000 Å 2 ), and their surfaces are relatively flat (for recent reviews, see refs. 3 and 4). Moreover, drug discovery is often facilitated by the knowledge of natural small molecule effectors or substrates, but such starting points rarely exist for protein-protein interfaces.
One of the best characterized examples of a small organic compound that can bind at a protein-protein interface is Compound 1 (Scheme 1), which binds to IL-2. This compound was discovered empirically from a medicinal chemistry effort designed to target the IL-2 ␣ receptor (IL-2R␣) (5) . Compound 1 binds to IL-2 with moderate affinity near the IL-2R␣-binding site and blocks receptor binding.
To better understand how Compound 1 binds to IL-2 and to further probe the potential of this site for drug discovery, we solved high-resolution x-ray structures of IL-2 both free and in complex with Compound 1. We further dissected the site by using a drug discovery tool called tethering (6) to discover small organic fragments that can specifically interrogate these subsites. This combination of approaches revealed that a portion of the receptorbinding surface of IL-2 is highly adaptive, and that the most adaptive region is prone to bind or tether small molecules. Adaptive regions hold promise for drug discovery but pose challenges for rational design methods that do not consider flexibility of the protein.
Methods
Cloning and Expression of IL-2 and Mutants. Full-length IL-2 cDNA (7, 8) was isolated by PCR from plasmid pTCGF-11 (American Type Culture Collection). The cDNA was then cloned into pRSET (Invitrogen) between the NdeI and XhoI restriction endonuclease sites and fully sequenced. Wild-type IL-2 and cysteine mutants, prepared by single-stranded mutagenesis (9) , were expressed in Escherichia coli [BL21 (DE3) pLysS; Invitrogen] as inclusion bodies and refolded from 8 M guanidine hydrochloride. For a 1.5-liter culture, inclusion bodies were resuspended in 45 ml of guanidine, and the soluble material was then added to a buffer containing 1.1 M guanidine, 110 mM Tris (pH 8), 6.5 mM cysteamine, and 0.65 mM cystamine. This solution was allowed to equilibrate at room temperature for 5 h and was dialyzed into a buffer of 10 mM ammonium acetate, pH 6͞25 mM sodium chloride. The soluble material was purified by chromatography on an S-Sepharose column by using a sodium chloride gradient (25 mM to 1 M NaCl) in a buffer of 25 mM ammonium acetate.
Cloning and Expression of IL-2 Receptors. The secretion signal and extracellular portion of human IL-2R␣ (expressed residues Glu-1 to Pro-179) (10) were isolated by PCR from pMLSV N1͞N4-S (American Type Culture Collection) and cloned into a pFastBac1(GIBCO͞BRL) vector that had been altered to contain a C-terminal rTEV protease cleavage site and a 6ϫ His tag. The protein was expressed in insect cells via recombinant baculovirus infection and purified on a Ni-NTA superflow column (Qiagen, Chatsworth, CA).
The secretion signal and extracellular portion of human IL-2 ␤ receptor (IL-2R␤) (residues Ala-1 to Thr-214) (11) were isolated by PCR from a Genestorm clone (Invitrogen) and cloned into a pFastBac1 (GIBCO͞BRL) vector that had been altered to contain a C-terminal rTEV protease cleavage site and a 6ϫ His tag. The protein was expressed in insect cells via recombinant baculovirus infection and purified on a Ni-NTA Superflow column (Qiagen).
X-Ray Crystallography. Crystals were grown by standard hangingdrop vapor diffusion methods. In the case of the noncovalent complexes, a 1.1 molar excess of ligand was included. Before data collection, crystals were transferred to a reservoir solution supplemented with 20% glycerol. Diffraction data were collected at Ϫ180°C by using either an R-AXIS IV (Rigaku, Tokyo) detector mounted on an RU-3R generator and processed with D*TREK (l ϭ 1.54 Å) (12) or at beam line 7-1 (Stanford Synchrotron Research Laboratory, Stanford, CA) on a MAR345 (Mar Research, Hamburg, Germany) detector and processed with MOSFLM ( ϭ 1.08 Å) (13) . The structures were determined by molecular replacement by using AMORE and refined with REFMAC5 (13) . The protein models were adjusted by using O (14) and ligand models constructed in INSIGHT II (Accelrys, Waltham, MA). Solvent molecules were placed automatically by using ARPWARP (no solvent was included for the 2.4-Å Native II model) (13) Data were analyzed by a van't Hoff plot, ln K d vs. 1͞T, which gives the enthalpy from the slope (⌬H͞R) and the entropy from the Y-intercept (⌬S͞R), according to the equation
where R is the gas constant and T is the temperature in Kelvin.
Syntheses of Tethered Fragments. Each tethered fragment contained a different small organic compound (M r Ͻ 200) that was derivatized with a disulfide linker. The tethered fragment library of Ϸ7,000 compounds was prepared from a diverse set of commercially available amines, carboxylic acids, aldehydes, and ketones (6) . The diversity element was coupled to a disulfide linker of variable length through either an amide or an oxime bond. Linkers were derived from cystamine, hydroxyethyl disulfide, dithiodiglycolic acid, or longer analogs. Monoprotection of the linker followed by coupling and subsequent deprotection provided the required monophores as a heterodisulfide with the diversity element on one side and a solubilizing group (aminoethane thiol) on the other. The library was divided into Ϸ700 stock pools, each containing 10 compounds at a final concentration of 10 mM each compound in DMSO solution. Compound pools were assembled such that each member differed by at least 4 atomic mass units, to allow them to be clearly resolved if tethered to IL-2.
Tethering Experiments. Single cysteine mutants of IL-2 at a concentration of 20 M in 100 mM Hepes buffer, pH 7.4, containing 2 mM 2-mercaptoethanol (␤ME), were combined with 2 mM total disulfides (200 M each of 10 different compounds) at a final DMSO concentration of 2%. After incubation at room temperature for 2-8 h, a portion of the reaction was analyzed by liquid chromatography͞MS. Chromatography was conducted on a Phenomenex (Belmont, CA) Jupiter C5 column (50 ϫ 2.0 mm) with a gradient from 5% acetonitrile in water containing 0.05% trifluoroacetic acid to 95% acetonitrile over 3 min on an HP 1100 HPLC with a Gilson 215 autosampler and Finnigan LCQ mass spectrometer. Spectra were deconvoluted by using the Finnigan BIOMASS program. Hits were identified by the corresponding increase in mass of the protein conjugate and were confirmed by reanalysis at 4 mM ␤ME; selected fragments with Ͼ20% conjugation were included in subsequent analysis. The amount of time required for selection to come to equilibrium was determined by examination of the rate of labeling with several different pools; once reactions had reached equilibrium, the analysis was consistent for up to 24 h.
Results

Crystallographic Characterization of IL-2 and IL-2-Ligand Complexes.
The x-ray structure of the complex between Compound 1 and IL-2 was solved to a resolution of 1.95 Å ( Table 1 and Fig. 1 ). Compound 1 can be broken into two components: a hydrophilic fragment containing a piperidyl guanidine and a hydrophobic fragment containing a biaryl alkyne. The piperidyl guanidine forms a bidentate salt bridge with the side-chain carboxylate of E62 (2.8 Å) and makes a hydrogen bond to the backbone carbonyl oxygen of K43 (2.8 Å) (Fig. 1b) . A similar hydrogen-bonding arrangement is observed for amidine-or guanidine-containing inhibitors bound in the P1 pocket of trypsin-like serine proteases (16) . The piperidine ring also makes a hydrophobic contact with the ring of F42. On the hydrophobic side of the binding site, the biaryl alkyne occupies a narrow channel created by the hydrophobic side chains of M39, R38, F42, L72, and K76. Additionally, the carbonyl oxygen of the amide bond connecting the two components forms a hydrogen bond with the amide nitrogen of K43 (2.6 Å). The binding of Compound 1 to IL-2 buries Ϸ450 Å 2 of the ligand surface area, and Ϸ40% of the Compound 1 surface remains solvent-exposed (calculated by using DIFFAREA, ref. 13) .
Overall, both the hydrophilic and hydrophobic components of Compound 1 show good complementarity to the surface of IL-2 (Fig. 2a) . Previous mutational work (17) (18) (19) has identified residues important for binding of IL-2 to the IL-2 receptor (a ''hot spot''). Even though Compound 1 was not designed to bind IL-2, it does bind directly over the region of IL-2 that is functionally critical for binding to IL-2R␣ (Fig. 2a) .
Comparison of the bound structure (Fig. 2a) and the unliganded structure of IL-2 ( Fig. 2b) solved by McKay and coworkers (20) reveals significant structural changes on binding. To further probe the conformational variability on the surface of unliganded IL-2, we solved the structure in two additional crystal forms (Native I and II; Table 1 , Fig. 2 c and d) . These structures provide two additional independent views of free IL-2 in distinct crystalline environments. From these data, it is apparent that the surface of IL-2 where the small molecule and receptor binds is dynamic and capable of adopting multiple conformations on the surface of IL-2. Moreover, the surface is capable of providing a hydrophobic channel to bind Compound 1 that is not apparent in free structures of IL-2.
The ligand-binding site on IL-2 can be dissected into two distinct subsites that correspond to the two fragments that compose Compound 1. The binding site for the hydrophilic piperidyl guanidine fragment is relatively fixed and includes the center of helix B and the AЈ-B loop (Fig. 1a) . By contrast, the binding site for the hydrophobic biaryl alkyne fragment is highly mobile. This mobile region comprises the C-terminal end of helix B, the loop connecting helices A and AЈ, and the loop connecting helix B to helix C.
The free structures of IL-2 show that large changes are observed in the loop connecting helices A and AЈ. Additionally, the backbone structure of a mutant of IL-2 (F42A ¶ ) has been solved by NMR ¶ Mutants are designated by the single-letter code for the wild-type residue followed by its position in the mature coding sequence and the single-letter code for the mutant.
spectroscopy (21) . Although the side chains were not well-defined, the NMR structure showed that the loops that connect the four helices are mobile. The two structures presented here (Fig. 2 c and  d) and the NMR structure (21) show this loop is in a closed conformation that packs the side chains of residues 30-32 within the interior of the protein. By contrast, the earlier x-ray structure (20) features an open conformation where these side chains point away from the protein. In this structure, Y31 is tightly packed against a neighboring molecule in the unit cell, making close contacts with H16 and D20. It is also notable that, in the open loop conformation, the side chain of N33 faces the interior of the protein, occupying the same site that Y31 occupies in the closed loop conformation (Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas.org). These variations suggest that the loop structure is not disordered but can toggle between at least two stable conformations.
In addition to loop flexibility, important contact residues for Compound 1 (K35, R38, M39, and F42) display multiple conformations in the unliganded structures (Fig. 2 b-d ). F42 has a 1 angle of -60°in the unliganded structures that shifts to 180°when it packs against the piperidyl ring of Compound 1. This new conformation for F42 exposes a hydrophobic channel, blocked in the unliganded structures, which is then occupied by the biaryl alkyne. In the bound structure, the side chains of K76, L72, and R38 pack against both sides of the terminal aromatic ring of the ligand, burying Compound 1 in the newly created hydrophobic pocket. Thus, the flexibility of the receptor-binding site on IL-2 creates a binding groove for the small molecule. This can be further viewed in Movie 1, which is published as supporting information on the PNAS web site.
Thermodynamic Analysis of Compound 1 Binding to IL-2.
To better understand the enthalpic and entropic parameters for binding Compound 1, we measured the van't Hoff enthalpy of interaction by monitoring the effect of temperature on the dissociation constant (K d ) (Fig. 3) . The binding of the compound is enthalpically driven (⌬H ϭ Ϫ8.9 Ϯ 0.35 kcal͞mol) and entropically disfavored by a small amount (⌬S ϭ Ϫ6.8 Ϯ 0.56 cal͞mol K), with a ⌬G ϭ Ϫ6.9 Ϯ 0.06 kcal͞mol at 298 K (K d ϭ 8.2 M). Because the compound has few rotatable bonds, this cost in conformational entropy must come from the protein and͞or solvent. Two water molecules are also displaced from the E62-binding pocket; these will have a small effect on ⌬Cp and how entropy changes are partitioned (22) . The structural and thermodynamic data are consistent with the view that unbound IL-2 adopts many conformations in solution, and that ligand binding restricts the number of conformations at a modest entropic cost (ϩ2 kcal͞mol at 298 K).
Discovery of Fragments in the Compound 1-Binding Site Through
Tethering. To further dissect the binding site, we screened for novel small molecule ligands by using a site-specific fragment-discovery method called tethering. The tethering method identifies fragments (M r typically Ͻ200) that are selected through disulfide exchange on the basis of their noncovalent association with the protein (6, 23) . A library of small drug-like fragments containing a common disulfide is allowed to reach equilibrium with a set of single-cysteine mutants of the target protein (Scheme 2). Disulfide exchange reactions are performed under reducing conditions, such that the stabilization of a specific disulfide bond requires favorable noncovalent interactions between the fragment and the targeted binding site. Selected compounds are then identified by MS. This method was previously applied to two enzymes, thymidylate synthase (6) and caspase-3 (23), where tethered fragments were identified and rapidly optimized by structure-based and combinatorial methods to yield noncovalent submicromolar inhibitors. Structural analysis showed that the tethered and free fragments bound in virtually the same fashion, indicating that the disulfide tether does not distort the nature of binding. The site-specific nature of tethering is well suited for identifying subsites and the chemical properties of selected fragments. These fragments bind weakly (typically with K d values in the low millimolar range) as noncovalent ligands, and, without the disulfide bond, they are difficult to detect. To apply tethering, we produced 11 individual cysteine mutants around the perimeter of the binding site for Compound 1 (Fig. 4a) . None of the cysteine substitutions caused a substantial change in the ability of IL-2 to bind to IL-2R␤ (Table 2 ), suggesting they did not significantly perturb the conformation of the protein. Some of the mutants (Y45C, L72C, and K43C) did interfere with IL-2R␣ binding, as anticipated from previous mutagenesis studies that define the IL-2 hot spot (17) (18) (19) . Each cysteine variant was screened against a 7,000-compound tethering library (6) in pools of 10 compounds each. These were grouped into seven bins containing Ϸ1,000 compounds each (S1-S7, Fig. 4b ), based on the general chemical features of the fragment pools. In general, ''hits'' were rare events (frequency of 0.1-1%) over the entire set of cysteine mutants. A plot of the number of hits produced from each of the seven compound bins for the cysteine positions shows that each position produces a different set of hits from each of the compound bins (Fig. 4b) . That hits were rare and no two cysteine variants captured the same set of tethered fragments reinforces the specificity and selectivity of the tethering method. Some cysteine variants produced a large number of hits [N30C (0.8%), Y31C (1.1%), N33C (1.3%), L72C (0.2%), and N77C (0.4%)], whereas others produced few, if any [R38C (0 hits), F42C (0 hits), K43C (0 hits), and Y45C (0.08%)]. The cysteine variants that produced the largest number of hits cluster in the region that was found to be most adaptive (Fig. 4a) .
Many of the strong hits in the adaptive region contained multiple aromatic or fused ring structures similar in character to the biaryl alkyne portion of Compound 1. To further characterize how one of these strong hits bound to the most hit-rich tethering site (Y31C), we chose an indole glyoxylate fragment and solved the x-ray Table 3 in supporting information on the PNAS web site. Table 1 ). (b) X-ray structure of one of the guanidine tethering hits at K43C (K43C͞tether). Movie 2, which is published as supporting information on the PNAS web site, highlights the different protein conformations. *M23C is near the IL-2R␤-binding site; the rest of the mutations are near the IL-2R␣-binding site. The other five mutants were not tested but were expected to be properly folded based on data from alanine mutations at these sites (C. Thanos and J.A.W., unpublished results). All measurements were made by SPR, as described in Methods.
structure of the tethered complex (Fig. 5a ). This site encompasses part of the IL-2R␣-binding site and includes residues K35, R38, L72, and A73. Interestingly, the indole ring of the fragment overlays the terminal aromatic ring of Compound 1, consistent with the tethering results that this adaptive site has a strong propensity for binding aromatic groups.
Comparison of the structures of IL-2 in Figs. 2a and 5a reveals an interesting difference. In the tethered indole glyoxylate structure, F42 is found in a conformation similar to that observed in the unliganded structures (Fig. 2 b-d) , where it closes off the right-hand portion of the hydrophobic channel used to bind Compound 1 (Fig.  5a) . Thus, the aromatic subsite can exist independently. The hydrophilic site remains relatively fixed even when unoccupied as seen in all of the structures.
We then applied tethering to probe the nonadaptive, guanidinebinding region of IL-2. Accordingly, we prepared a series of tethering fragments consisting of guanidine-containing dipeptides with different spacers and found several strong hits when tethering from the K43C mutant. These hits showed a very strict linker length dependence, indicating that a highly specific interaction was needed for the fragment to be selected. The x-ray structure of the tethered complex with one of the strongest hits (Fig. 5b) showed that the tethered fragment formed some of the same polar interactions as seen when Compound 1 bound to IL-2. In particular, the guanidine fragment forms the same bidentate salt bridge with the side chain of E62 and makes a hydrogen bond to the backbone carbonyl of K43. The additional cyclohexyl portion of the tethered guanidine fragment makes new hydrophobic interactions not seen in Compound 1. Moreover, the hydrophobic channel is in a closed conformation, suggesting that the formation of the channel is independent of binding at the guanidine site. Thus, tethering identifies fragments with similar functional groups to those seen in Compound 1 in both the hydrophobic and hydrophilic subsites. The guanidine-binding portion of IL-2 is relatively static and is more restrictive in selecting fragments, whereas the hydrophobic binding region is adaptive and able to bind a larger number of structurally related fragments.
Discussion
These studies provide a high-resolution analysis of a nonpeptidyl small molecule binding at a protein-protein interface. Given the empirical approach by which Compound 1 was discovered (5), it is notable that it binds the same region that mutations suggest is critical for binding the IL-2␣ receptor. This site is adaptive and can exist in a variety of conformations. A number of protein-protein binding sites have been shown to be highly adaptive (24) (25) (26) , and phage display efforts have identified naïve peptides that can bind at these sites (24, 27, 28) . Enzyme active sites have also revealed structural rearrangements, suggesting new possibilities for inhibitor design (29, 30) . Surface adaptability provides multiple conformations and thus may facilitate binding of multiple partners of either natural or synthetic origin. Conformational flexibility comes with an entropic cost; indeed, thermodynamic analysis shows that binding of Compound 1 is entropically disfavored. However, the entropic cost is modest (ϩ2 kcal͞mol) compared with the strong enthalpic term (Ϫ8.9 kcal͞mol). Thus, it appears that accessing the Compound 1-binding mode does not present a large thermodynamic barrier.
The binding site for Compound 1 site could be divided into two subsites. The subsite that binds the hydrophobic biaryl alkyne portion is adaptive, whereas that which binds the polar guanidine portion is very rigid. Tethering experiments at each of these subsites readily identified the ligand preferences and tolerances. Many fragments were found in the highly adaptive subsite. Structural characterization of one of these fragments (Fig. 5a) shows that it binds in the same pocket created by binding of the hydrophobic portion of Compound 1. In contrast, far fewer hits were found in the rigid and polar subsite. Selection of the guanidine fragment was highly sensitive to the length of the spacer and the structure of the fragment. This result is not unexpected, because the hydrophilic fragment must retain a number of polar interactions and shape complementarity to a relatively fixed region of protein structure.
The dynamic nature of the IL-2-binding surface suggests two points that are important for drug discovery. First, it would not have been possible to predict the Compound 1-binding site by analyzing the surfaces of the unliganded IL-2 structures (Fig. 2 b-d) . Although there is tremendous interest in applying structure-based methods for drug discovery, methods that do not accurately account for the dynamics of protein-protein surfaces will have difficulty in providing a robust docking algorithm. Second, the dynamic surface of IL-2 is not ''flat'' but can provide grooves for binding small molecules. Although parts of the binding groove in IL-2 were visible in the unliganded structures of IL-2, the complete small-molecule-binding conformation was observed only in the presence of Compound 1. Tethering effectively probed these subsites and ligand tolerances. Such information can be useful for designing small molecules that can bind these targets. Although protein-protein interfaces are challenging drug targets, their adaptive character can provide binding sites for small molecules and thus opportunities for drug discovery.
